A global non-singular terminal sliding mode controller for second order uncertain nonlinear dynamic systems, which enables enables finite time reachibility and elimination of the singularity problem associated with conventional terminal sliding mode control. The tracking precision problem is also explored. The relationship between the tracking precision and the width of the saturation function used for elimination of chattering is formulated. The proposed controller is then applied to the control of a rigid manipulator. Simulation results are presented to validate the analysis.
INTRODUCTION
Variable structure systems (VSS) are well known for their robustness in system parameter variations and external disturbances [7, 8] . VSS have been used in many applications, such as robots, aircrafts, DC and AC motors. power system, process control and so on. In sliding mode control. VSS are designed to drive and then constrain the system states to lie within a neighborhood of the switching manifold. The dynamic behavior of the system can be determined by a particular choice of switching manifolds. When in the sliding. the closed-loop response becomes totally insensitive to both internal parameter uncertainties and external disturbances. However. One of the representative characteristics of conventional VSS is that the convergence of the system states to the equilibrium point is usually asymptotical but not in finite time.
Recently, a tLrminal sliding mode (TSM) controller has been developed [2, 3, 10, 1 I] . It offers some superior properties such as fast finite time convergence and less steady state errors. However, present TSM controller design methods have a common drawback. There exist singularity problems in TSM control. Existing methods to solve the problem in TSM controller design usually adopt an indirect way to avoid the singularity. This paper presents a global non-singular terminal sliding mode controller for the second order nonlinear dynamic systems with parameter uncertainties and external disturbances. A new terminal sliding mode manifold is proposed which can be used to avoid the singularity problem. The reaching time to the manifold from any initial states and the time to the equilibrium point in the sliding mode can be guaranteed to be finite time.
Furthermore, since the similar design principle for conventional sliding mode control is used, chattering still exists in the TSM control. Existing methods for eliminating chattering can be used by replacing switching functions with saturation functions. However, it is little known how this replacement affects the steady state performance of TSM control systems. The paper further analyses the steady-state tracking performance of the TSM control systems with the switching functions replaced with the saturation functions. The mathematical relationship between the tracking precision of the system state and the width of the saturation function used for elimination of chattering is formulated. The proposed controlled is then used in the control design for n degree freedom rigid manipulators. Simulation results are presented to validate the analysis.
NON-SINGULAR TERMINAL SLIDING MODE CONTROL METHOD
Consider the 2nd-order uncertain nonlinear dynamic system as
{
(r) is the external disturbance and f ( x , r ) is a unknown function and its estimate is j ( x , t )
and satisfy lAf(x,t)l= I f ( x , t ) -f ( x . t )
with F(x. t ) being a known function.
In order to overcome the drawback of the conventional TSM controller design. now we propose a new TSM manifold s ( t ) as follow 1 s ( t ) =e,(f)+-ecY"'(r) (2) Bwhere /bo is a design constant; p and q are positive odd integers which satisfy the following conditions: p=(2ni+1). m=l,?, ... .
p>q; e , and e? are defined as follow e, (I) 
where xd(f) is the desired signal of the system. Theorem 1. For the system ( I ) and the TSM manifold ( 2 ) . if the TSM control is designed as therefore, from Lemma it follows that e( f) = 0 for r 2 f, with
a(]-17) P ( P -4 )
STEADY STATE ANALYSIS OF NON-SINGULAR TSM NONLINEAR SYSTEMS
In the steady state of the system, since the digital calculati.on error or the case in which the switching function sgr7 in control is replaced with a continuous saturation function sat. there is a layer bound S , around the TSM manifold. Although the existence of the sliding mode can be guaranteed outside of S , as shown in [ 5 ] , it cannot be guaranteed inside S , . In the worst case, the system trajectory would just reach S,. This can have a substantial effect on the steady state characteristics of the system.
For the TSM manifold ( 2 ) , we consider the following Lyapuriov function
it is easily seen that the error e will converge to the boundary layer Is1 I 9, hence we have differentiating V with respect to time. we have
e ( r ) l~ q for t -+ w (8)
The Is' order state tracking in TSM can be obtained as Therefore, the specification of the tracking precision can be built into the saturation functions with choice of appropriate parameters in the TSM manifold.
le(r)l= ~f i ( t >
-
TERMINAL SLIDING MODE CONTROL FOR RIGID MANIPULATORS
We now consider the following Euler-Lagrange dynarnic equations for the n-link robot manipulator ( 
M ( q
We assume that the rigid robotic manipulators have uncertainties, i. The simulation results are shown in Figures I, 2, 3 . Figures 1 and  2 show the output tracking of joint 1 and 2 respectively. Figure 3 shows the phase plots of tracking error of joint 1 . It is obvious to see the system lies in terminal sliding mode.
